Introduction
Hepatocellular carcinoma (HCC) is one of the most common malignancies of the liver and the fourth leading cause of cancer-related deaths worldwide (Ferlay et al., 2010) . The disease is more commonly encountered in rapidly developing countries such as China and major risk factors include chronic infections with hepatitis B and C viruses, alcohol abuse and exposure to food contaminants such as aflatoxin B (Lin et al., 2011; Subramaniam et al., 2013b) . Current treatment options, including surgical resection and conventional chemotherapy, are commonly associated with severe morbidity, side effects, and also limited by the development of drug resistance (Cervello et al., 2012; Subramaniam et al., 2013b) . Hence, novel agents that are non-toxic and efficacious are urgently needed for the prevention and treatment of HCC.
STAT proteins were originally discovered as latent cytoplasmic transcription factors almost two decades ago (Ihle, 1996) . Among the different STATs, one STAT member, STAT3, is often constitutively active in various human cancers, including HCC, breast cancer, prostate cancer, head and neck squamous cell carcinoma, multiple myeloma and several other malignancies, and controls the expression of multiple genes involved in initiation, progression and chemoresistance . Once activated, STAT3 undergoes phosphorylation-induced homodimerization, leading to nuclear translocation, DNA binding and subsequent gene transcription. STAT3 has been reported to modulate the expression of genes involved in anti-apoptosis, such as (Bclxl, Bcl-2 and survivin), proliferation (cyclin D1) and angiogenesis (VEGF) (Grivennikov and Karin, 2010) . STAT3 is considered as an important target for HCC therapy because blockade of STAT3 has been found to induce growth arrest and apoptosis of HCC cells by various investigators (Subramaniam et al., 2013b) .
One major source of pharmacological inhibitors of the STAT3 system is that derived from natural sources, as around 70% of all anti-cancer drugs being used in clinical therapy are isolated from natural sources or bear a close structural relationship to compounds of natural origin (Newman, 2008) . Our research group is actively exploring the potential application of natural compounds as STAT3 inhibitors in various cancer models, including HCC, and has identified several potent compounds with anti-HCC activity (Subramaniam et al., 2013b) . In the present study, we describe a compound called emodin (1,3,8-trihydroxy-6-methylanthraquinone) , isolated from the rhizome of Rheum palmatum L. that has been previously reported to exhibit antiviral, antiinflammatory, anti-ulcerogenic, immunosuppressive, proapoptotic and chemopreventive activities (Xia et al., 2009; Tabolacci et al., 2010) , primarily mediated through the activation of caspase-3 (Chen et al., 2002) and up-regulation of p53 and p21 (Shieh et al., 2004) . Moreover, emodin has been reported to enhance TNF-related apoptosis-inducing ligandinduced apoptosis (Subramaniam et al., 2013a) ; inhibit the kinase activity of p56lck, HER2/neu (Wang et al., 2001 ) and casein kinase (Battistutta et al., 2000) ; suppress activation of NF-κB/AP-1 (Huang et al., 2004) , Akt (Brown et al., 2007) and p38/Erk MAP kinases (Wang et al., 2007) ; and block the expression of the chemokine receptor CXCR4 (Manu et al., 2013 ; receptor nomenclature follows Alexander et al., 2011) .
These reports suggest that emodin may be a suitable candidate agent for cancer treatment, although the detailed mechanism(s) of its action have not been completely elucidated so far.
Because of the critical role of STAT3 in tumour cell survival, proliferation and angiogenesis, and its aberrant expression in HCC, we investigated whether emodin could mediate its anti-cancer effects in part through the modulation of the STAT3 activation pathway. Alongside testing the effects of emodin in HCC cell lines and mouse model, we also investigated the involvement of the inhibition of STAT3 in the mechanism of action of emodin, using a virtual predictive tumour cell system (Rajendran et al., 2011) . Thus, using a novel approach of combination of predictive virtual hypothesis testing along with experimental validations, we found that emodin can indeed suppress the deregulated activation of STAT3 in HCC cells. This suppression decreased cell survival and down-regulated expression of various proliferative, anti-apoptotic and angiogenic gene products, leading to inhibition of proliferation, and induction of apoptosis in HCC cells. Emodin also significantly suppressed the growth of human HCC cells in an orthotopic mouse model and modulated the activation of STAT3 in tumour tissues.
Methods

Cell lines
The human HCC cell lines HepG2, PLC/PRF/5, Hep3B and C3A cells were obtained from American Type Culture Collection (Manassass, VA, USA). All the HCC cells were cultured in DMEM containing 1X antibiotic-antimycotic solution with 10% FBS. HepG2 cell lines were used to study the effect of emodin on constitutive STAT3 signalling cascade because they express constitutively active STAT3; HUH-7 cells were used to study the effect of emodin on inducible STAT3 signalling; PLC/PRF/5 cells were used for transfection experiments because they are relatively easy to transfect; and C3A cells were used for proliferation assays to investigate whether emodin can modulate proliferation of wide variety of HCC cells. The HCCLM3 cell line used for the in vivo experiments was a kind gift of Professor Zhao-You Tang at the Liver Cancer Institute (Zhongshan Hospital, Fudan University, Shanghai). HCCLM3 cells were cultured in high glucose DMEM containing 1X antibiotic-antimycotic solution with 10% FBS. The human multiple myeloma cell line U266 was kindly provided by Dr Chng Wee Joo at National University Hospital, Singapore, and human breast cancer MDA-MB-231 cells were obtained from American Type Culture Collection. These cells were cultured in RPMI 1640 medium containing 1x antibiotic-antimycotic with 10% FBS.
Western blotting
Western blot analysis was performed using a method described previously (Rajendran et al., 2011) .
STAT3 luciferase reporter assay
Immunocytochemistry assay was performed as described previously (Rajendran et al., 2011) .
DNA binding assay
DNA binding assay was performed as described previously (Rajendran et al., 2012) .
Predictive experiments on virtual tumour cells
Predictive experiments were performed using the human physiologically aligned and extensively validated Virtual Tumor Cell technology (Cellworks Group Inc, Saratoga, CA, USA) (Roy et al., 2010) . The Cellworks tumour cell platform provides a dynamic and transparent view of tumour cell physiology at the functional proteomics abstraction level. The platform's open-access architecture provides a framework for different 'what-if' experiments and analysis in an automated high-throughput methodology.
Platform description
The virtual tumour cell platform consists of a dynamic and kinetic representation of the signalling pathways underlying tumour physiology at the bio-molecular level with coverage on all the key tumour phenotypes including proliferation, viability, angiogenesis, metastasis, apoptosis, tumour metabolism and tumour microenvironment related to associated inflammation. The technology is a comprehensive coverage of protein players, associated gene and mRNA species with regard to tumour-related signalling. The integrated cancer system models 6516 crosstalk of around 4680 intracellular biological objects that interact via 25 180 kinetic parameters. This comprises a comprehensive and extensive coverage of the kinome, transcriptome, proteome and, to some extent, metabolomic components. The platform includes representation of comprehensive signalling pathways such as growth factors like EGFR, PDGFRA, FGFR, c-MET, VEGFR and IGF-1R, cell cycle regulators, mTOR signalling, p53 signalling cascade, HIF signalling, apoptotic machinery, DNA damage repair, cytokine pathways such as IL1, IL4, IL6, IL12, TNF; lipid mediators and tumour metabolism and others (Rajendran et al., 2011) .
Predictive study experimental protocol
The virtual tumour cell was simulated in the proprietary Cellworks computational backplane and initialized to a control state wherein all bio-molecules attain control steadystate values which is aligned to normal epithelial cell physiology that is non-tumourigenic. This non-transformed epithelial cell was then triggered to align to the HCC cell line HepG2 having KRAS mutation, CDKN2A deletion and mutation in the p53 gene.
Simulation protocol
Emodin was tested on the above baseline and the biomarker trends evaluated as percentage changes from cell baseline values. Emodin was shown as an inhibitor of casein kinase 2 (CK2) along with secondary targets including PI3K, HERfamily receptor 2 (Her2), VEGF receptor 2 (KDR) and induction of reactive oxygen species (ROS). The activity of CK2 was inhibited by 80% along with 50% inhibition in the activity for PI3K. Her2 and KDR were also inhibited by 50% at the activity level. The formation of H 2O2 was also increased by 2.5-fold in the system as a part of the same protocol. To compare the effects of emodin treatment with STAT3 inhibition alone, experiments were also carried out for inhibition of STAT3 activity by 40% on HepG2 cell line.
Transfection with SHP-1 siRNA
HepG2 cells were plated in each well of six-well plates and allowed to adhere for 24 h. On the day of transfection, 4 μL of Lipofectamine (Invitrogen) was added to 50 nM SHP-1 siRNA in a final volume of 100 μL of culture medium. After 48 h of transfection, cells were treated with emodin, and whole cell extracts were prepared to investigate SHP-1, phospho-STAT3 and STAT3 expression by Western blot analysis.
MTT assay
The anti-proliferative effect of emodin against HCC cells was determined by the MTT dye uptake method as described previously (Rajendran et al., 2011) .
Real-time PCR
Real-time PCR assay for Bcl-2, Bcl-xl, cyclin D1, VEGF and Mcl-1 was performed as described previously (Rajendran et al., 2012) .
Live/dead assay
Apoptosis of cells was also determined by live/dead assay (Molecular Probes, Eugene, OR, USA) that measures intracellular esterase activity and plasma membrane integrity as described previously (Rajendran et al., 2012) .
STAT3 siRNA transfection
HepG2 cells were plated in 96-well plates and allowed to adhere for 24 h. On the day of transfection, Lipofectamine was added to 50 nM control or STAT3 siRNA in a final volume of 200 μL of culture medium. After 48 h, cells were treated with indicated concentrations of emodin for 72 h and then subjected to MTT assay.
Orthotopic HCC model
All animal care and experimental procedures were reviewed and approved by Sing Health Institutional Animal Care and Use Committee. All studies involving animals are reported in accordance with the ARRIVE guidelines for reporting experiments involving animals McGrath et al., 2010) . A total of 28 animals were used in the experiments described here. Eight-week-old athymic nu/nu female mice (Animal Resource Centre, Australia) were implanted orthotopically with approximately 1 mm 3 of human HCCLM3_Luc2 tumour stably expressing firefly luciferase. Tumour growth was monitored by IVIS 200 Bioluminescence Imaging System (Xenogen Corp., Alameda, CA, USA). Once increasing bioluminescence tumour signals were detected in the mice liver, mice were randomly assigned to the following three treatment groups: one group (n = 9) received five i.p. injections of 200 μL vehicle [10% DMSO, 70% cremophor/ethanol (3:1) and 20% PBS], a second group, 25 mg·kg −1 emodin (n = 10) and the third, 50 mg·kg −1 emodin (n = 9) every week for 3 weeks. Animals were killed at day 28 after first therapeutic dose injection and the tumour was harvested for subsequent analysis. For imaging, mice were given i.p. injections of 150 mg·kg −1 D-luciferin (Xenogen) 10 min before imaging. To quantitate tumour burden, bioluminescence signals were calculated from the imaging data using the Living Image software 3.2 (Xenogen) according to the manufacturer's protocol.
Immunohistochemical analysis of tumour samples
Solid tumours from control and emodin-treated mice were fixed with 10% phosphate buffered formalin, processed and embedded in paraffin. Sections were cut and deparafinized in xylene, and dehydrated in graded alcohol and finally hydrated in water. Antigen retrieval was performed by boiling the slide in 10 mM sodium citrate (pH 6.0) for 30 min. Immunohistochemistry was performed following the manufacturer instructions (LSAB kit; Dako, Carpinteria, CA, USA). Briefly, endogenous peroxidases were quenched with 3% hydrogen peroxide. Non-specific binding was blocked by incubation in the blocking reagent in the LSAB kit (Dako) according to the manufacturer's instructions. Sections were incubated overnight with primary antibodies as follows: anti-phospho-STAT3, CD31 and anti-caspase-3 (each at 1:100 dilution). Slides were subsequently washed several times in Trisbuffered saline with 0.1% Tween 20 and were incubated with biotinylated linker for 30 min, followed by incubation with streptavidin conjugate provided in LSAB kit (Dako) according to the manufacturer's instructions. Immunoreactive species were detected using 3,3-diaminobenzidine tetrahydrochloride as a substrate. Sections were counterstained with Gill's haematoxylin and mounted under glass coverslips. Images were taken using an Olympus BX51 microscope (magnification, 40×; Tokyo, Japan).
Data analysis
Data are expressed as the mean ± SEM. In all figures, vertical error bars denote the SEM. The significance of differences between groups was evaluated by Student's t-test or one-way ANOVA test. A P-value of less than 0.05 was considered statistically significant.
Materials
A 50 mM solution of emodin (from Aldrich, St. Louis, MO, USA), with purity of 99%, was prepared in DMSO, stored as small aliquots at −20°C, and then diluted further in cell culture medium as needed. DMSO (0.1%) was used as vehicle control for all the in vitro experiments. Hoechst 33342, MTT, Tris, glycine, NaCl, SDS, EGF, BSA, doxorubicin and paclitaxel were purchased from Sigma-Aldrich (St. Louis, MO, USA). RPMI 1640, FBS, 0.4% Trypan blue vital stain and antibioticantimycotic mixture were obtained from Invitrogen (Carlsbad, CA, USA). Rabbit polyclonal antibodies to STAT3 and mouse monoclonal antibodies against phospho-STAT3 (Tyr 705) and phospho-Akt, Akt, Bcl-2, Bcl-xL, cyclin D1, survivin, Mcl-1, SHP-1, VEGF, caspase-3, cleaved caspase-3 and PARP were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies to phospho-specific Src (Tyr 416), Src, phospho-specific JAK1 (Tyr 1022/1023), JAK1, phosphospecific JAK2 (Tyr 1007/1008), JAK2 and CD31 antibodies were purchased from Cell Signalling Technology (Beverly, MA, USA). The small interfering RNA (siRNA) for SHP-1 (sc-29478) and scrambled control (sc-37007) was obtained from Santa Cruz Biotechnology. SHP-1 siRNA is a pool of three sequences: sense strand (A): CUGGUGGAGCAUUUCAAG ATT, (B): CGCAGUACAAGUUCAUCUATT and (C): CAAC CCUUCUCCUCUUGUATT. Goat anti-rabbit-HRP conjugate and goat anti-mouse HRP were purchased from SigmaAldrich. Nuclear extraction and DNA binding kits were obtained from Active Motif (Carlsbad, CA, USA). STAT3 and scrambled control siRNAs were obtained from Santa Cruz Biotechnology. Bacteria-derived recombinant human IL-6 was purchased from ProSpec-Tany TechnoGene Ltd. (Rehovot, Israel).
Results
We investigated the effect of emodin on STAT3 activation and on various markers of cellular proliferation, cell survival, and apoptosis in HCC cell lines and an orthotopic mouse model. The structure of emodin is shown in Figure 1A .
Predictive analysis for the effect of emodin on HCC cells
We first tested the potential effect of emodin on the STAT3 activation pathway in the virtual tumour cell system aligned to the human HCC HepG2 cell line. Emodin was observed to have an inhibitory effect on STAT3 activity quite similar to STAT3 inhibition alone by 40% ( Figure 1B ). JAK2 and SRC kinases also showed an equivalent reduction with both emodin treatment and STAT3 inhibition alone ( Figure 1C ). This was further confirmed by experimental studies on HepG2 cell line as detailed in the sections below. Reduction in the levels of key genes such as CCND1, cMYC, BCL2, BCL-xl, XIAP and survivin activated downstream of STAT3 was observed with emodin treatment. STAT3 inhibition alone also caused a similar or lesser reduction in these markers ( Figure 1C and D) , implicating a possible involvement of STAT3 for the emodin-mediated inhibitory effects. An increase in the levels of caspase-3 and cleaved PARP1 was also observed with emodin treatment ( Figure 1E ).
Emodin inhibits constitutive STAT3 phosphorylation in HepG2 cells
The ability of emodin to modulate constitutive STAT3 activation in HCC cells was investigated by incubating HepG2 cells with different concentrations of emodin for 6 h. Whole cell extracts were prepared and the phosphorylation of STAT3 was examined by Western blot analysis using antibodies which recognize STAT3 phosphorylation at tyrosine 705. As shown in Figure 2A , emodin inhibited the constitutive activation of STAT3 in HepG2 cells in a dose-dependent manner, with maximum inhibition occurring at around 50 μM, but had no effect on the expression of STAT3 protein (Figure 2A ; lower panel). We also determined the length of incubation time required for the suppression of STAT3 activation by emodin in HepG2 cells. As shown in Figure 2B , the inhibition was Results generated by predictive proteomics in silico using a virtual tumour platform. (A) The chemical structure of emodin. (B) The graph illustrates the percentage reduction in phosphorylated levels of STAT3. STAT3 is showing a reduction of 35% with emodin treatment in the HEPG2 baseline as compared with the untreated placebo. STAT3 activity was also inhibited separately by 40% to compare its effect with emodin treatment. (C) The graph illustrates the percentage reduction in JAK2 and SRC with emodin treatment. The percentage reduction is around 16% for JAK 2 and 15% for SRC with emodin. STAT3 inhibition alone is also showing similar effects on these kinases with the effect being 14% for JAK2 and 12% for SRC. (D) The graph illustrates the percentage change in proliferation markers -CCND1 and cMYC. CCND1 is showing a reduction of 32% from the baseline and the reduction in cMYC is 65% with respect to the untreated baseline. STAT3 inhibition alone is showing a similar reduction of 30% in CCND1 and 50% reduction in cMYC. (E) The graph illustrates the percentage reduction in survival markers with emodin treatment and STAT3 inhibition alone. The percentage reduction is 16% for BCL2, 7% for BCL-xL, 12% for XIAP and 32% for survivin with emodin treatment. The reduction with STAT3 inhibition alone is 5% for Bcl-2, 9% in Bcl-xL, 10% for XIAP and 28% for surviving. (F) The graph illustrates the percentage change in CASP3 and PARP1 cleaved with emodin treatment and STAT3 inhibition alone. An increase of approximately 3.5-fold is seen in the levels of both CASP3 and PARP1 cleaved with emodin treatment. The increase was approximately 2.6-fold with STAT3 inhibition alone.
time dependent, with substantial inhibition occurring at around 6 h, again with no effect on the expression of STAT3 protein ( Figure 2B ; lower panel).
Emodin inhibits binding capacity of STAT3 to the DNA
Because tyrosine phosphorylation causes the dimerization of STATs and their translocation to the nucleus, where they bind to DNA and regulate gene transcription (Ihle, 1996; Subramaniam et al., 2013b) , we determined whether emodin can modulate the DNA-binding ability of STAT3. Analysis of nuclear extracts prepared from HepG2 cells using ELISA-based TransAM STAT3 assay kit showed that emodin inhibited STAT3-DNA binding activity in a time-dependent manner ( Figure 2C ).
Emodin reduces nuclear pool of STAT3 in HCC cells
Because the active dimer of STAT3 is capable of translocating to the nucleus and inducing transcription of specific target ) were treated with the indicated concentrations of emodin for 6 h, after which whole cell extracts were prepared, and 30 μg of protein was resolved on 7.5% SDS-PAGE gel, electrotransferred onto nitrocellulose membranes, and probed for phospho-STAT3/STAT3 proteins. (B) Emodin suppresses phospho-STAT3 levels in a time-dependent manner. HepG2 cells (2 × 10 6 ·mL −1 ) were treated with 50 μM emodin for the indicated times, after which Western blotting was performed as described for panel B. ) were incubated with or without 50 μM emodin for 6 h and then analysed for the intracelullar distribution of STAT3 by immunocytochemistry. The same slides were counterstained for nuclei with Hoechst (50 ng·mL −1 ) for 5 min. The results shown are representative of three independent experiments. (E) Multiple myeloma (U266) and breast adenocarcinoma (MDA-MB-231) cells (2 × 10 6 ·mL −1 ) were treated with the indicated concentrations of emodin for 6 h, after which whole cell extracts were prepared, and 30 μg of protein was resolved on 7.5% SDS-PAGE gel, electrotransferred onto nitrocellulose membranes, and probed for phospho-STAT3/STAT3 proteins.
genes (Subramaniam et al., 2013b) , we next analysed whether emodin can suppress nuclear translocation of STAT3. Figure 2D clearly demonstrates that emodin inhibited the translocation of STAT3 to the nucleus in HepG2 cells.
Inhibitory effects of emodin on STAT3 activation are not cell-type specific
We also investigated whether emodin can modulate constitutively active STAT3 in cells other than HCC. Because multiple myeloma (U266) and breast adenocarcinoma (MDA-MB-231) cells express constitutively active STAT3, we investigated whether emodin could also inhibit STAT3 activation in these cells. Interestingly, emodin was found to suppress STAT3 activation in U266 and MDA-MB-231 cells in a dosedependent manner, with maximum inhibition occurring at 50 μM after 6 h of treatment ( Figure 2E ).
Emodin inhibits inducible STAT3 and JAK1/2 phosphorylation in HCC cells
Because IL-6 induces STAT3 phosphorylation (Ihle, 1996) , we next determined whether emodin could inhibit IL-6-induced STAT3 phosphorylation in HCC cells. Hence, in HUH-7 cells that display relatively low levels of constitutively active STAT3, IL-6-induced STAT3 and JAK1 phosphorylation was suppressed by emodin in a time-dependent manner. Exposure of cells to emodin for 6 h was sufficient to substantially suppress IL-6-induced STAT3 and JAK1 phosphorylation in HUH-7 cells ( Figure 3A and B) . Furthermore, we found that emodin can inhibit JAK2 phosphorylation induced by IL-6 in HUH-7 cells ( Figure 3C ). These results suggest that emodin can also down-regulate inducible STAT3 activation and corroborate with the predictive data on STAT3 inhibition as shown in Figure 1B .
Emodin inhibits IL-6-inducible Akt phosphorylation in HCC cells
Activation of Akt has also been linked with STAT3 activation in tumour cells (Chen et al., 1999) . We also next examined whether emodin could modulate IL-6-induced Akt activation. Treatment of HUH-7 cells with IL-6-induced phosphorylation of Akt and the pre-treatment of cells with emodin suppressed the phosphorylation of Akt ( Figure 3D ). Under these conditions, emodin had no effect on the expression of Akt protein.
Emodin suppresses EGF-induced STAT3-dependent reporter gene expression
Our above results showed that emodin inhibited the phosphorylation and nuclear translocation of STAT3. We next determined whether emodin affects STAT3-dependent gene transcription. When PLC/PRF/5 cells transiently transfected with the pSTAT3-Luc construct were stimulated with EGF, STAT3-mediated luciferase gene expression was increased. Transient transfection with dominant-negative STAT3 blocked this increase, indicating specificity. When the cells were pre-treated with emodin, EGF-induced STAT3 activity was inhibited in a dose-dependent manner ( Figure 3E ).
Emodin suppresses constitutive activation of c-Src
STAT3 has also been reported to be activated by tyrosine kinases of the Src kinase families (Schreiner et al., 2002) .
Hence, we determined whether emodin can modulate the constitutive activation of Src kinase in HepG2 cells. We found that emodin suppressed the constitutive phosphorylation of c-Src kinases ( Figure 4A ). These results confirmed the predictions from the virtual tumour model. The levels of nonphosphorylated Src kinases remained unchanged under the same conditions.
Emodin suppresses constitutive activation of JAK1 and JAK2 in HCC cells
Because STAT3 is also activated by soluble tyrosine kinases of the Janus family (JAKs) (Ihle, 1996) , we next analysed whether emodin can affect constitutive activation of JAK1 in HepG2 cells. Emodin suppressed the constitutive phosphorylation of JAK1 ( Figure 4B ). The levels of non-phosphorylated JAK1 remained unchanged under the same conditions ( Figure 4B, bottom panel) . To determine the effect of emodin on JAK2 activation, HepG2 cells were treated for different time intervals with emodin and phosphorylation of JAK2 was analysed by Western blot. As shown in Figure 4C , JAK2 was constitutively active in HepG2 cells and pre-treatment with emodin suppressed this phosphorylation in a timedependent manner.
Tyrosine phosphatases are involved in emodin-induced inhibition of STAT3 activation
Because protein tyrosine phosphatases (PTPs) have also been implicated in STAT3 activation (Han et al., 2006) , we determined whether emodin-induced inhibition of STAT3 tyrosine phosphorylation could be due to activation of a PTP (PTPase). Treatment of HepG2 cells with the broad-acting tyrosine phosphatase inhibitor sodium pervanadate reversed emodininduced suppression of STAT3 activation ( Figure 4D ). These data suggest that tyrosine phosphatases are involved in emodin-induced inhibition of STAT3 activation.
Emodin induces the expression of SHP-1 in HCC cells
SHP-1 is a non-transmembrane PTP that has been linked with regulation of STAT3 activation (Calvisi et al., 2006) . Whether inhibition of STAT3 phosphorylation by emodin is due to induction of the expression of SHP-1 was examined in HepG2 cells. Cells were incubated with emodin for different time intervals; whole-cell extracts were prepared and examined for SHP-1 protein expression by Western blot analysis. As shown in Figure 4E , emodin induced the expression of SHP-1 protein in HepG2 cells in a time-dependent manner, with maximum expression observed after 6 h. This stimulation of SHP-1 expression by emodin correlated with down-regulation of constitutive STAT3 activation in HepG2 cells ( Figure 2B ). Therefore, these results suggest that stimulation of SHP-1 expression by emodin may mediate the down-regulation of constitutive STAT3 activation in HCC cells.
SHP-1 siRNA down-regulated the expression of SHP-1 induced by emodin
We showed above that the dephosphorylation of STAT3 by emodin correlates with the increased expression of SHP-1. Whether the suppression of SHP-1 expression by siRNA would prevent the inhibitory effect of emodin on STAT3 activation was also investigated. As observed by Western blot analysis, emodin-induced SHP-1 expression was effectively inhibited in the cells transfected with SHP-1 siRNA, but not in those treated with the scrambled siRNA ( Figure 4F ).
SHP-1 siRNA reversed the inhibition of STAT3 activation by emodin
We next determined whether the suppression of SHP-1 expression by siRNA blocked the inhibitory effect of emodin on STAT3 activation. We found that emodin failed to suppress STAT3 activation in the cells transfected with SHP-1 siRNA ( Figure 4G ). However, in cells transfected with scrambled siRNA, emodin caused down-regulation of STAT3 activation. Thus, these results with siRNA demonstrate the pivotal role of SHP-1 in suppression of STAT3 phosphorylation by emodin.
Emodin down-regulates the expression of cyclin D1, Bcl-2, Bcl-xL, Mcl-1, survivin and VEGF
STAT3 activation has been shown to regulate the expression of various gene products involved in proliferation, ) were transfected with STAT3-luciferase (STAT3-Luc) plasmid, incubated for 24 h, and treated with 10, 25 and 50 μM emodin for 6 h and then stimulated with EGF (100 ng·mL
) for 2 h. Whole cell extracts were then prepared and analysed for luciferase activity. The results shown are representative of three independent experiments. *P < 0.05, significantly different from EGF alone; Student's t-test.
anti-apoptosis, invasion, angiogenesis and chemoresistance (Johnston and Grandis, 2011) . Expression of the cell cycle regulator cyclin D1, the anti-apoptotic proteins Bcl-2, survivin, Mcl-1 and the angiogenic gene product VEGF all of which have been reported to be regulated by STAT3 were modulated by emodin treatment in HepG2 cells. Their expression decreased in a time-dependent manner, with maximum suppression observed at around 24 h ( Figure 5A ). ) were treated with 50 μM emodin, after which whole cell extracts were prepared and 30 μg of aliquots of those extracts were resolved on 10% SDS-PAGE, electrotransferred onto nitrocellulose membranes, and probed for phospho-Src/Src antibodies. (B) Emodin suppresses phospho-JAK1 levels in a time-dependent manner. HepG2 cells (2 × 10 6 ·mL −1 ) were treated with 50 μM emodin for indicated time intervals, after which whole cell extracts were prepared and 30 μg portions of those extracts were resolved on 10% SDS-PAGE, electrotransferred onto nitrocellulose membranes, and probed with phospho-JAK1/JAK1 antibodies. (C) Emodin suppresses phospho-JAK2 levels in a time-dependent manner. HepG2 cells (2 × 10 6 ·mL −1 ) were treated with 50 μM emodin for indicated time intervals, after which whole cell extracts were prepared and 30 μg portions of those extracts were resolved on 10% SDS-PAGE, electrotransferred onto nitrocellulose membranes, and probed with phospho-JAK2/JAK2 antibodies. (D) Pervanadate reverses the phospho-STAT3 inhibitory effect of emodin. HepG2 cells (2 × 10 6 ·mL −1 ) were treated with the indicated concentrations of pervanadate and 50 μM emodin for 6 h, after which whole cell extracts were prepared and 30 μg portions of those extracts were resolved on 7.5% SDS-PAGE gel, electrotransferred onto nitrocellulose membranes, and probed for phospho-STAT3 and STAT3. (E) Emodin induces the expression of SHP-1 protein in HepG2 cells. HepG2 cells were treated with indicated concentrations of emodin for 6 h, after which Western blotting was performed. (F) Effect of SHP-1 knock-down on emodin-induced expression of SHP-1. HepG2 cells were transfected with either SHP-1 siRNA or scrambled siRNA (50 nM). After 24 h, cells were treated with 50 μM emodin for 6 h and whole cell extracts were subjected to Western blot analysis. (G) HepG2 cells were transfected with either SHP-1 siRNA or scrambled siRNA (50 nM). After 24 h, cells were treated with 50 μM emodin for 6 h and whole cell extracts were subjected to Western blot analysis for phosphorylated STAT3. The results shown are representative of three independent experiments. We also found that mRNA expression of Bcl-2, Bcl-xL, survivin, Mcl-1 and VEGF was modulated by emodin treatment in a time-dependent manner with maximum reduction observed at around 12 h after treatment ( Figure 5B ). These results also support the predictive analysis seen with STAT3 inhibition on these markers as seen in Figure 1C and D.
Emodin inhibits the proliferation of HCC cells in a dose-and time-dependent manner
Because emodin down-regulated the expression of cyclin D1, a gene involved in cell proliferation, we investigated whether emodin inhibits the proliferation of HCC cells by using the MTT assay. Emodin inhibited the proliferation of HepG2 and C3A cells in a dose-and time-dependent manner, whereas it had relatively little effect on the proliferation of PLC/PRF/5 cells ( Figure 5C ).
Emodin activates caspase-3 and causes PARP cleavage
Whether suppression of constitutively active STAT3 in HepG2 cells by emodin leads to apoptosis was also investigated. In HepG2 cells treated with emodin, there was a timedependent activation of pro-caspase-3 ( Figure 5D ). Activation of downstream caspases led to the cleavage of a 118 kDa PARP protein into an 85 kDa fragment ( Figure 5D ). These results clearly suggest that emodin induces caspase-3-dependent apoptosis in HepG2 cells.
Transfection with STAT3 siRNA blocks the anti-proliferative effects of emodin in HCC cells
We determined whether the suppression of STAT3 expression by siRNA could blockthe anti-proliferative effect of emodin on HCC cells. Results shown in Figure 5E clearly indicate that the observed anti-proliferative effect of emodin was significantly abolished in the cells transfected with STAT3 siRNA, whereas treatment with control siRNA had minimal effect ( Figure 5E ). These results suggest that inhibition of proliferation is mediated at least in part through the suppression of STAT3 in HCC cells by emodin.
Emodin potentiates the apoptotic effect of doxorubicin and paclitaxel in HepG2 cells
Among chemotherapeutic agents, doxorubicin, an anthracycline antibiotic, and paclitaxel, a mitotic inhibitor, have been used for HCC treatment (Cervello et al., 2012; Subramaniam et al., 2013b) . We examined whether emodin can potentiate the effect of these drugs. HepG2 cells were treated with emodin together with either doxorubicin or paclitaxel, and then apoptosis was measured by the live/dead assay. As shown in Figure 5F , emodin substantially enhanced the apoptotic effects of doxorubicin and of paclitaxel.
Emodin suppresses the growth of human HCC in vivo and STAT3 activation in tumour tissues
We tested the anti-tumour potential of emodin in vivo via i.p. administration in an orthotopic model of human HCC using HCCLM3_Luc2 tumour stably expressing firefly luciferase. ) were treated with 10 μM emodin and 10 nM doxorubicin or 5 nM paclitaxel alone or in combination for 24 h at 37°C. Cells were stained with a live/dead assay reagent for 30 min and then the percentage of apoptotic cells was determined , using a fluorescence microscope.
Orthotopic tumour growth was monitored non-invasively using bioluminescence imaging. Prior to the first therapeutic injection (10 d after tumour implantation), growing orthotopic tumours were detected using bioluminescence imaging and found to localize mainly at the liver ( Figure 6A ). Mice were treated with five doses a week of either vehicle alone (n = 9), 25 mg·kg −1 (n = 10) or 50 mg·kg −1 (n = 9) of emodin for up to 3 weeks. Bioluminescence images revealed that there was significant inhibition of tumour growth in the 50 mg·kg −1 emodin-treated group compared with the vehicle control group ( Figure 6A ). Differences in tumour burden at set time points were quantitated by measuring photon counts and expressed as tumour burden relative to photon counts before first therapeutic injection ( Figure 6B ). One-way ANOVA indicated that emodin at 50 mg·kg −1 induced significant inhibition of tumour growth compared with the vehicle-treated controls ( Figure 6B ). We further evaluated the effect of emodin on constitutive p-STAT3 levels in HCC tumour tissues by immunohistochemical analysis and found that emodin substantially inhibited the constitutive STAT3 activation in
Figure 6
Emodin inhibits the growth of human HCC in vivo. (A) Representative images of mice from bioluminescent imaging. D = day. (B) Relative tumour burden in athymic mice bearing orthotopically implanted HCCLM3-Luc2 tumours treated with vehicle alone (n = 9), 25 mg·kg −1 (n = 10) or 50 mg·kg −1 (n = 9) of emodin. Points, mean; bars, SE. * P < 0.05, significant effect of emodin; one-way ANOVA. (C) Immunohistochemical analysis of p-STAT3, CD31 and caspase-3 showed the inhibition in expression of p-STAT3, and CD31 and increased levels of caspase-3 expression in emodin-treated samples as compared with control group. Percentage indicates positive staining for the biomarker shown. The photographs were taken at magnification 40×.
treated group as compared with control group (Figure 6C ). The effect of emodin was also analysed on the expression of CD31 (marker of angiogenesis) and caspase-3 (marker of apoptosis). As shown in Figure 6C , expression of CD31 was down-regulated and that of caspase-3 was substantially increased in emodin-treated group as compared with control group.
Discussion
The main aim of this study was to determine whether emodin exerts its anti-cancer effects through the blockade of the STAT3 signalling pathway in HCC cells. We found that emodin suppressed constitutive and inducible STAT3 activation in human HCC cells in parallel with the inhibition of c-Src, JAK1 and JAK2 activation. Emodin also down-regulated the expression of STAT3-regulated gene products including cyclin D1, Bcl-2, Bcl-xL, survivin, Mcl-1 and VEGF. It also caused the inhibition of proliferation and induced substantial apoptosis in HCC cells. We further investigated the potential therapeutic efficacy of emodin in an in vivo model of HCC in mice. Intraperitoneal injection of emodin in an orthotopic model of human HCC resulted in a significant suppression of tumour progression and suppression of expression of p-STAT3 in emodin-treated tumour tissues. This hypothesis was also tested in a virtual predictive tumour cell system and orthotopic mice model and the experimental results clearly indicate that emodin mediates its suppressive effects on the STAT3 activation cascade in HCC. This is the first report to systematically analyse the potential effects of emodin on STAT3 activation in HCC cells and an orthotopic mice model. Whether examined by STAT3 phosphorylation at tyrosine 705, by nuclear translocation and by DNA binding, we found that emodin suppressed STAT3 activation. This was also shown in the virtual predictive analysis where the inhibitory effects of emodin were observed to be similar to the effect of inhibition of STAT3 activity alone. The reduction in survival markers like Bcl-2, Bcl-xL, XIAP and survivin was similar for HepG2 cells treated with emodin and STAT3 inhibition alone, emphasizing that emodin may have its downstream effects via inhibition of STAT3 activity. Emodin also suppressed STAT3 activation induced by IL-6, one of the many tumour cell growth factors that activate STAT3 (Bromberg and Wang, 2009 ). The doses required to inhibit STAT3 activation were very comparable to rationally designed chemical inhibitors that inhibit STAT3 dimerization (Fuke et al., 2007) .
How emodin inhibits activation of STAT3 was also investigated in detail. The activation of JAK has been closely linked with STAT3 activation (Ihle, 1996) and we observed that emodin inhibited the activation of constitutively active JAK1 and JAK2 in HCC cells. This is in agreement with a report that AZD1480, a pharmacological JAK2 inhibitor, can significantly suppress STAT3 signalling and oncogenesis (Hedvat et al., 2009) . We further found that the IL-6-induced STAT3 and JAK1/2 activation was also suppressed by emodin. Our results are partially in agreement with a previous report by Muto and co-workers who observed that emodin indeed can suppress STAT3/JAK2 signalling cascade in multiple myeloma cells (Muto et al., 2007) , but they did not investigate the detailed molecular mechanisms of their observations. Overall, we noticed that emodin could indeed suppress both constitutive and inducible STAT3 activation in HCC cells leading to the other downstream effects as confirmed through the corroboration between the experimental and predictive data.
We also found evidence that the emodin-induced inhibition of STAT3 activation involves a PTP. Numerous PTPs have been implicated in STAT3 signalling including SHP-1, SH-PTP2, TC-PTP, PTEN, PTP-1D, CD45, PTP-ε, low molecular weight and PTP (Tan et al., 2010) . SHP-1 is implicated in negative regulation of JAK/STAT signalling pathways and it has been found that loss of SHP-1 may contribute to the activation of JAK or STAT proteins in cancer (Wu et al., 2003) . Indeed, we found for the first time that emodin induces the expression of SHP-1 protein in HCC cells, which correlated, with down-regulation of constitutive STAT3 phosphorylation. Transfection with SHP-1 siRNA reversed the STAT3 inhibitory effect of emodin, thereby further implicating a crucial role of this phosphatase in emodin-induced downregulation of STAT3 activation. Also, it has been reported previously that emodin can also suppress NF-κB activation in various cell lines and mouse models of inflammation and cancer (Meng et al., 2010; Liu et al., 2011) . Whether suppression of STAT3 activation by emodin can also be linked to inhibition of NF-κB activation is not clear as yet, although an earlier study had indicated that STAT3 can prolong NF-κB nuclear retention through acetyltransferase p300-mediated p65 acetylation, thus interfering with NF-κB nuclear export (Lee et al., 2009 ). Thus, it is possible that suppression of STAT3 activation may mediate inhibition of NF-κB activation by emodin.
We further found that emodin suppressed the expression of several STAT3-regulated genes, including proliferative (cyclin D1) and anti-apoptotic gene products (Bcl-2, Bcl-xL, survivin and Mcl-1) and angiogenic gene product (VEGF). The down-regulation of cyclin D1 expression correlated with suppression in proliferation as observed in various HCC cell lines and also in agreement with a recent study in human tongue squamous cancer SCC-4 cells where emodin was found to modulate Cdc-2 and cyclin-B1 expression (Lin et al., 2009) . Moreover, anti-apoptotic protein Mcl-1 is highly expressed in tumour cells (Epling-Burnette et al., 2001) , and the inhibition of STAT3 by a Src inhibitor can lead to downregulation of expression of Mcl-1 gene (Niu et al., 2002) . In addition, activation of STAT3 signalling induces survivin gene expression and confers resistance to apoptosis in breast cancer cells (Gritsko et al., 2006) . Bcl-2 and Bcl-xL can also block cell death induced by a variety of chemotherapeutic drugs, and thus contribute to chemoresistance (Seitz et al., 2010) . Thus, the down-regulation of the expression of Bcl-2, Bcl-xL, survivin and Mcl-1 is likely to be linked with emodin's ability to induce apoptosis in HCC cells, as documented previously. The downmodulation of VEGF and CD31 expression by emodin as we showed also emphasized the antiangiogenic potential of emodin in HCC, an aspect which requires further detailed investigation. We also noticed that emodin substantially potentiated the apoptotic effect of doxorubicin and paclitaxel in HCC cells and hence could also be used in conjunction with existing anti-HCC therapies. Additionally, we observed that knocking down the expression of STAT3 by siRNA significantly reduced the anti-proliferative effect of emodin on HCC cells, thereby supporting our hypothesis that anti-proliferative/pro-apoptotic effects of emodin were mediated at least in part through the abrogation of the STAT3 signalling pathway.
We also observed that emodin significantly suppressed HCC growth in an orthotopic mice model down-regulated the expression of phospho-STAT3 and CD31 and increased the levels of caspase-3 in treated group as compared with control. Moreover, to the best of our knowledge, no prior studies with emodin have been reported in HCC mouse models, and our observations clearly indicate that emodin has a clear potential for the treatment of HCC through the suppression of the STAT3 signalling cascade. These findings are consistent with earlier reports in which emodin has been shown to be well tolerated in preclinical studies, with no reported toxicity (Xu and Lin, 2008; Xia et al., 2009; Meng et al., 2010; Liu et al., 2011) . Thus, overall, our in vitro and in vivo experimental findings substantiated by our predictive analysis clearly indicate that the anti-cancer effects of emodin in HCC are mediated through the suppression of the STAT3 signalling cascade and provide a strong rationale for pursuing the use of emodin to enhance treatment efficacy in HCC patients.
